Three strains of CO 2 -reducing methanogens were isolated from marine sediments. Strain PL-15/ H P was isolated from marine sediments of the Lipari Islands, near Sicily and the other two strains, Nankai-2 and Nankai-3 T , were isolated from deep marine sediments of the Nankai Trough, about 50 km from the coast of Japan. Analysis of the cellular proteins and 16S rRNA gene sequences indicated that these three strains represented a single novel species that formed a deep branch of the mesophilic methanococci. Phylogenetic analysis indicated that the three strains were most closely related to Methanothermococcus okinawensis (95 % 16S rRNA gene sequence similarity). However, strains PL-15/H P , Nankai-2 and Nankai-3 T grew at temperatures that were more similar to those of recognized species within the genus Methanococcus. Strain Nankai-3 
T , were isolated from deep marine sediments of the Nankai Trough, about 50 km from the coast of Japan. Analysis of the cellular proteins and 16S rRNA gene sequences indicated that these three strains represented a single novel species that formed a deep branch of the mesophilic methanococci. Phylogenetic analysis indicated that the three strains were most closely related to Methanothermococcus okinawensis (95 % 16S rRNA gene sequence similarity). However, strains PL-15/H P , Nankai-2 and Nankai-3 T grew at temperatures that were more similar to those of recognized species within the genus Methanococcus. Strain Nankai-3 In 1984, novel restriction enzymes were found in a methanogenic archaeon, strain PL-15/H P , which had been isolated from the Mediterranean Sea near Sicily (Schmid et al., 1984) . At that time, it was suggested that this strain might represent a novel species, 'Methanococcus aeolicus'. Because the strain was not freely available due to patent restrictions, this species was not formally described. Nevertheless, the genetic and phylogenetic distinctiveness of strain PL-15/H P from other Methanococcus species was confirmed by electrophoretic analysis of cellular proteins, DNA-DNA hybridization and 16S rRNA gene sequence analysis (Keswani et al., 1996) . However, because of the absence of a type strain deposited in culture collections, the species 'Methanococcus aeolicus' has lacked standing in nomenclature . Subsequently, sequences of 16S rRNA genes very similar to that of strain PL-15/H P have been found in marine hydrothermal vent fluids (Huber et al., 2002) , supporting the importance of this phylogenetic group in marine sediments.
We report here the isolation and description of two novel methanogenic strains (Nankai-2 and Nankai-3 T ) from deep marine sediments of the Nankai Trough off the coast of Japan, which are phylogenetically and phenotypically similar to strain PL-15/H P . We also report the description and isolation of strain PL-15/H P , accomplished in the early 1980s. We propose that the three strains represent a novel species, Methanococcus aeolicus sp. nov., with strain Nankai-3 T as the type strain and strains PL-15/H P and Nankai-2 as reference strains. Strain PL-15/H P was isolated from shallow marine sediment collected from the Lipari Islands near Sicily. Strains Nankai-2 and Nankai-3 T were enriched and isolated from sediment taken from the Nankai Trough near the coast of Japan in November 1997. Methanoculleus submarinus Nankai-1 T had The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA gene sequences of strains PL-15/H P , Nankai-2 and Nankai-3 T are DQ136171, DQ195165 and DQ195164, respectively.
A figure showing the effects of temperature, pH and salinity on the growth of strain T is available as supplementary material in IJSEM Online.
been isolated previously from the same sample (Mikucki et al., 2003) . At the sampling site, the water was 950 m deep, and the sample was obtained from a core at a depth of 247 m below the sediment surface, near the zone where methane hydrates occurred (Mikucki et al., 2003) . The sample was placed in a canning jar, flushed with argon, sealed and maintained at 2-4 u C for 5 days until it was processed at the Idaho Environmental and Engineering Laboratory by Mark Delwiche (Mikucki et al., 2003) . The core was then placed in an anaerobic chamber and pared, and 10 g from the interior of the core was added to 90 ml MSH medium in a serum bottle. The bottle was pressurized with H 2 and incubated at room temperature. After 2 months, increases in CH 4 in the headspace of the bottle ceased (Mikucki et al., 2003 ). This enrichment culture was then transported to Portland State University and inoculated into roll tubes in MSH enrichment medium under H 2 /CO 2 (Mikucki et al., 2003) . To distinguish colonies of methanogens from those of non-methanogens, unopened roll tubes were observed by epifluorescence microscopy (Zeiss O2 filter set). Two epifluorescent colonies were picked and named Nankai-2 and Nankai-3 T . Each strain grew at 37 u C and was further purified by colony picks from roll-tube cultures incubated at 37 uC.
Unless indicated otherwise, the culture medium used in this study was MSH medium (Boone et al., 1989; Ni & Boone, 1991) at pH 7?2, with an overpressure of 1 atm H 2 . Incubations were at 37 u C with shaking. MSH enrichment medium was the same as MSH medium except that the amounts of Trypticase peptones and yeast extract were reduced to 0?25 g l 21 , mercaptoethane sulfonic acid was omitted and the sodium sulfide concentration was increased to 0?5 g l
21
. For experiments on the effect of salinity, NaCl was added to MSH medium to give various Na + concentrations. For preparation of media at different pH values, lower pH values were obtained by adjustment with HCl.
Higher pH values were obtained by using a mixture of N 2 and CO 2 for the gas phase (Chong et al., 2002) . pH values above 7?8 were obtained by using a 100 % CO 2 gas phase and adjusting the pH with NaOH. The anaerobic Hungate technique with serum-tube modifications was used throughout (Hungate, 1969) . Substrate tests were conducted by adding acetate (40 mM), trimethylamine (20 mM), methanol (20 mM), ethanol (1 %, v/v), 1-propanol (1 %), 2-propanol (1 %), 1-butanol (1 %) or 2-butanol (1 %) to the medium. Growth was estimated from the accumulation of methane in the headspace gas, as measured by gas chromatography (Maestrojuán & Boone, 1991) , taking into account the methane produced during the growth of the inoculum (Powell, 1983) . The specific growth rate was calculated by fitting the Gompertz equation (Zwietering et al., 1990) to these data. All growth experiments were performed in triplicate.
The 16S rRNA gene sequences were determined after extraction of DNA from cell pellets of pure cultures of strains PL-15/H P , Nankai-2 and Nankai-3
T by using QIAamp DNA Mini kit procedures (Qiagen). The 16S rRNA genes were amplified by PCR, purified and sequenced as described previously (Singh et al., 2005) . The sequences were aligned manually with related sequences obtained from the Ribosomal Database Project (Maidak et al., 2001) . Regions where alignment was ambiguous were not used in the phylogenetic analysis. Phylogenetic relationships were determined with maximum-likelihood analysis using the HKY-85 model of evolution in PAUP* 4.0 (Swofford, 2002) . A bootstrap analysis was performed using 1000 trial replications to provide confidence estimates for branch support. The sequence we obtained for strain PL-15/H P was the same as the sequence already in GenBank (accession no. U39016), except that many of the unknown bases in the earlier sequence were successfully resolved. Whole proteins of strains PL-15/H P , Nankai-2 and Nankai-3 T were compared using SDS-PAGE of cellular proteins, as described previously (Franklin et al., 1988) .
Colonies of strains PL-15/H P , Nankai-2 and Nankai-3 T were almost transparent and whitish, with smooth edges when observed by the naked eye or hand lens and 1 mm in diameter after 40 days of incubation at 37 u C. Cells of all three strains were motile irregular coccoids, 1?5-2 mm in diameter, and occurred singly. When viewed by epifluorescence microscopy with a Zeiss O2 filter set, cells were autofluorescent, as is typical of methanogens. Each of the three strains was susceptible to lysis with 0?01 % SDS, suggesting the presence of a protein cell wall (Boone & Whitman, 1988) .
Each of the three strains grew with H 2 (1 atm) or formate (80 mM) as electron donor for reduction of CO 2 . Cells did not form methane from acetate, trimethylamine or methanol, either alone or in combination with formate. In addition, in the mineral medium McN (Whitman et al., 1986) , strain Nankai-3 T failed to form methane or grow in the presence of ethanol, 1-propanol or 2-propanol after 5 days of incubation. The concentrations of these potential catabolic substrates did not appear to be inhibitory as, when cultures were incubated with these concentrations plus 5 or 20 mM formate, methane was formed in the amount expected from formate alone. In contrast, 1 % 1-butanol and 2-butanol completely inhibited methanogenesis from formate.
Each strain grew autotrophically in MSH medium plus H 2 when all organic compounds were omitted. Growth occurred even after four successive transfers with 2?5 % (v/v) inoculum in mineral medium. In the McN mineral medium, growth of strain PL-15/H P was stimulated by the addition of 11 mM sodium selenite. Strain PL-15/H P could also use either S 0 or H 2 S as the sole sulfur source and either NH 3 or N 2 as the sole nitrogen source. Amino acids were not used as nitrogen sources (Whitman et al., 1987) . Strain PL-15/H P grew at 20-45 u C, but did not grow at 50 u C. Temperatures below 20 u C were not tested. Strain Nankai-2 grew at 10-50 uC, with no growth at 55 uC (temperatures below 10 u C were not tested). Strain Nankai-3 T grew at 20-55 u C, but not at 10 or 60 u C. The growth response of strain Nankai-3 T to temperature was fitted to the squareroot equation of Ratkowsky et al. (1982 Ratkowsky et al. ( , 1983 . Using this method, the theoretical optimum temperature for growth was determined to be 46?0 uC, and the minimum and maximum temperatures were 7?1 and 54?7 uC, respectively (Supplementary Fig. S1a in IJSEM Online). This temperature response was somewhat more thermophilic than that found in other methanococci. For instance, in McN medium, the temperature optima of Methanococcus maripaludis strains JJ T and S2 were 37 uC and the maximum growth temperatures were 43 uC (no growth at 45 uC) and 47 uC, respectively (W. B. Whitman, unpublished data; Jones et al., 1983) . In contrast, the temperature optima and maxima for Methanothermococcus species are much more extreme, being greater than 60 and 70 u C, respectively (Table 1) . Salinity and pH ranges for strains Nankai-3 T , Nankai-2 and PL-15/H P are given in Table 1 and are shown for strain Nankai-3 T (see Supplementary Fig. S1b , c in IJSEM Online).
The 16S rRNA gene sequences of each of the three strains were more similar to each other (>99 %) than to any other sequence in GenBank. Fig. 1 shows an evolutionary tree based on a maximum-likelihood-generated comparison of the 16S rRNA gene sequences. As noted previously by Takai et al. (2002) , Methanococcus aeolicus is more closely related using this method to the thermophile Methanothermococcus okinawensis (95 % sequence similarity) than to the other mesophilic methanococci (91-93 % sequence similarity). In 2001, the genus Methanococcus was reorganized to include all mesophilic species, which at that time formed a monophyletic group of the Methanococcales . The thermophile Methanococcus thermolithotrophicus was also transferred to a new genus, Methanothermococcus. The discovery of Methanothermococcus okinawensis suggested that this classification scheme might be too simplistic. (Balch et al., 1979; Whitman et al., 1982) ; 6, Methanococcus maripaludis JJ T (Jones et al., 1983) ; 7, Methanothermococcus okinawensis IH1 T (Takai et al., 2002) ; 8, Methanothermococcus thermolithotrophicus SN-1 T (Huber et al., 1982) . ND, Not determined. 
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Methanococcus aeolicus PL-15/H P (DQ136171)
Methanococcus aeolicus Nankai-2 (DQ195165)
Methanococcus aeolicus Nankai-3 T (DQ195164)
Methanothermococcus okinawensis IH1 T (AB057722)
Methanococcus maripaludis JJ T (U38484)
Methanococcus vannielii SB T (M36507)
Methanococcus voltae PS T (M59290)
Methanothermococcus thermolithotrophicus SN-1 T (M59128)
Methanotorris igneus Kol 5 T (M59125)
Methanocaldococcus jannaschii JAL-1 T (M59126) Because this thermophile forms a new clade with the mesophile Methanococcus aeolicus in rRNA gene trees, growth temperature may not prove to be a reliable discriminatory factor within this group. Since Methanothermococcus okinawensis and Methanococcus aeolicus both possess low sequence similarity to other Methanothermococcus species as well as to Methanococcus species, a new genus for these species may be warranted. This conclusion is supported by the elevated temperature optimum of Methanococcus aeolicus and the fact that the two species are present in submarine sediments. Nevertheless, in the absence of additional unifying characteristics, these criteria are judged insufficient in themselves to justify formation of a novel genus.
The overall similarity of the protein profiles of strains PL-15/ H P , Nankai-2 and Nankai-3 T was within the range observed for members of the same species of other methanococci and was quite different from the protein profile of Methanococcus maripaludis ( Fig. 2 ; Keswani et al., 1996) . The protein profiles of strains Nankai-2 and Nankai-3 T were very similar; however, several physiological differences existed between these strains (Table 1) .
Based on their cellular protein profiles, 16S rRNA gene sequences and phenotypic properties, strains PL-15/H P , Nankai-2 and Nankai-3 T are all closely related and belong in the same species. Nevertheless, these strains are physiologically distinct, as shown in Table 1 , and small differences are observed in their cellular protein profiles. DNA-DNA hybridization and cellular protein profiles also confirm that strain PL-15/H P is distinct from other described species of Methanococcus (Keswani et al., 1996) . Thus, we propose that strains PL-15/H P , Nankai-2 and Nankai-3 T represent a novel species, with the name Methanococcus aeolicus sp. nov. ; 4, strain Nankai-2; 5, strain Nankai-3 T .
